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Introduction. LC16m8 is an attenuated cell culture–adapted Lister vaccinia smallpox vaccine missing the B5R

protein and licensed for use in Japan.

Methods. We conducted a phase I/II clinical trial that compared the safety and immunogenicity of LC16m8

with Dryvax in vaccinia-naive participants. Adverse events were assessed, as were electrocardiography and

laboratory testing for cardiotoxicity and viral culturing of the vaccination sites. Neutralization titers to vaccinia,

monkeypox, and variola major were assessed and cell-mediated immune responses were measured by interferon

(IFN)–c enzyme-linked immunosorbent spot and lymphoproliferation assays.

Results. Local and systemic reactions after vaccination with LC16m8 were similar to those reported after

Dryvax. No clinically significant abnormalities consistent with cardiac toxicity were seen for either vaccine. Both

vaccines achieved antivaccinia, antivariola, and antimonkeypox neutralizing antibody titers .1:40, although the

mean plaque reduction neutralization titer of LC16m8 at day 30 after vaccination was significantly lower than

Dryvax for anti-NYCBH vaccinia (P , .01), antimonkeypox (P , .001), and antivariola (P , .001). LC16m8

produced robust cellular immune responses that trended higher than Dryvax for lymphoproliferation (P5 .06), but

lower for IFN-c ELISPOT (P 5 .02).

Conclusions. LC16m8 generates neutralizing antibody titers to multiple poxviruses, including vaccinia,

monkeypox, and variola major, and broad T-cell responses, indicating that LC16m8 may have efficacy in protecting

individuals from smallpox.

Clinical Trials Registration. NCT00103584.

The local and systemic reactions reported after vacci-

nation with Dryvax, a standard vaccinia strain used to

prevent smallpox, highlight the need to develop atten-

uated smallpox vaccines that would be effective against

variola but with fewer complications [1, 2] in case of

mass vaccination due to the spread of smallpox from

a bioterrorism attack. One candidate vaccine is LC16m8,

an attenuated Lister strain that has a deletion mutation

in the B5R viral protein. The strain was originally

developed in 1975 by the Chiba Serum Institute

(Kaketsuken). In animal studies LC16m8 did not pro-

duce neurotoxicity, but elicited neutralizing antibody
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titers comparable to the Lister strain [3]. Recently LC16m8 was

compared with Dryvax in both in vitro and mouse models. Sera

from mice vaccinated with either vaccine similarly neutralized

both extracellular and intracellular forms of vaccinia, provoked

comparable cellular immune responses, and demonstrated

similar levels of protection against Western Reserve vaccinia

strain infection [4]. LC16m8 was extensively evaluated in clinical

trials in Japan by the Ministry of Health [5, 6] with 90 000 doses

administered in Japan between 1974 and 1975 without any re-

ports of serious adverse events (AEs) attributed to the vaccine

[3]. LC16m8 immunization has been used for vaccination of

select personnel in the Japanese Self-Defense Forces and was

both safe and immunogenic in vaccinia-naive and vaccinia-ex-

perienced participants [7].

The objective of this phase I/II trial in the United States was

to compare the safety and immunogenicity of LC16m8 with

Dryvax in a cohort of healthy vaccinia-naive volunteers be-

tween the ages of 18 and 34 years. Human immune responses

to several vaccinia strains, monkeypox, and variola were mea-

sured; cellular immune responses to a Dryvax-derived vaccinia

strain were also measured using standardized enzyme-linked im-

munosorbent spot (ELISPOT) and lymphoproliferation assays.

METHODS

Study Design, Vaccine Dosing, and Volunteer Enrollment
This study was a randomized, multicenter, double-blind com-

parative study of the LC16m8 and Dryvax smallpox vaccines

conducted in healthy vaccinia-naive adult volunteers at 5 sites in

the United States (Figure 1). The primary endpoints were the

neutralizing antibody titer to intracellular mature virus as mea-

sured by plaque reduction neutralization titer (PRNT) 30 days

after vaccination and the rates of AEs attributed to the vaccines.

The secondary or exploratory endpoints included vaccine take

rates, size of the lesion at the vaccination site, extracellular en-

veloped virus (EEV) neutralizing antibody determination, cell-

mediated immune (CMI) responses, viral persistence, and viremia

after vaccination. All assays were blinded as to vaccine group.

The protocol was approved by the institutional review boards

and institutional biosafety committees at each study site. The

trial began 20 October 2004 and the last vaccination was given

30 June 2005. There was a 3-member safety monitoring com-

mittee. A total of 154 vaccinia-naive adults were randomized

in a 4:1 ratio to receive a single dose of 108 plaque-forming

units/mL of either LC16m8 vaccine or Dryvax vaccine (Figure 1;

Table 1). Both vaccines were delivered in a volume of 0.02 lL via

a 15-puncture intraepidermal inoculation using a bifurcated

needle in the deltoid area of the nondominant arm.

Safety Assessments and Primary Reactions
Following vaccination, clinical and laboratory responses to

vaccination were evaluated in volunteers on days 3, 7, 10, 13, 22,

30, 60, 180, and 360 after vaccination (Table 2). The presence of

a primary reaction (take) was assessed from day 6 to day 12 after

vaccination and date of first appearance recorded. Local and

systemic reactions, including fever, were assessed twice daily by

the participant. Solicited events were recorded each day on

a diary card maintained by the participant for 21 days after

vaccination or until the scab over the vaccine site separated.

Interviews based on the diaries were conducted at each visit in

order to ascertain AEs. Enrollment numbers were not large

enough to be powered to identify differences for any particular

AE. A sample of 12 500 total participants randomized 4-to-1

LC16m8:Dryvax would have been required to have 81% power

to detect a decrease from an expected 1% AE rate in the Dryvax

arm to a 0.5% AE rate in LC16m8 arm at the .05 level of sig-

nificance. Safety laboratory tests for metabolic, renal, and he-

patic function were performed on days 0, 7, 13, and 30.

Monitoring for potential cardiac toxicity consisted of electro-

cardiographic (ECG) testing and assessment of troponin T,

creatine phosphokinase-MB (CPK-MB), and C-reactive protein

on days 7, 13, and 30. At 2 sites, lesions were swabbed and

a blood sample was taken for quantitative viral culture assess-

ment at each clinic visit until resolution of the skin lesion.

Anti-Dryvax–Derived Vaccinia Virus PRNT (Focus) Method
The principal method used to assess immunogenicity was

a PRNT that used vaccinia virus derived from Dryvax as the

plaquing virus [8]. The assay was performed at Focus, Inc

(Cypress, California). The reciprocal of the serum dilution re-

sulting in a 50% reduction in plaque numbers compared with

the negative control was defined as the resultant titer. An in-

dividual volunteer was considered to have seroconverted if,

within 30 days of vaccination, a PRNT titer was at least 4 times

greater than the preimmunization titer. To determine the im-

pact of the source of plaque virus on PRNT, a subset of samples

from 49 participants (40 LC16m8, 9 Dryvax) was assessed using

a panel of plaque viruses (Table 3).

Anti-EEV PRNT Assay
Virus was grown as previously described [9, 10]. A subset of

45 vaccinated volunteers resulted in a subset of 36 LC16m8

volunteers and 9 Dryvax volunteers (1 Dryvax-vaccine recipient

was excluded due to a positive baseline PRNT). Serum samples

from both day 0 and day 30 were assayed using 2 different

thresholds for positivity, the first requiring a 50% reduction in

EEV plaque count and the second requiring a 30% reduction.

Anti-Variola PRNT Assay
Fifty percent PRNT testing with variola as the plaquing virus

was performed at the Centers for Disease Control Biosafety

Level 4 laboratory after World Health Organization approval

to perform the testing on day 0 and day 30 sera from a subset

of 20 volunteers (Figure 1) using a previously described

method [11].
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CMI Assays
CMI measurements including interferon (IFN)–c ELISPOT and

lymphoproliferation assays were conducted on cryopreserved

peripheral blood mononuclear cells (PBMCs) from the first 48

volunteers. One participant was excluded from analysis for

having a positive PRNT response at baseline (Figure 1). The

proliferation index (SI) and frequencies of vaccinia-specific IFN-

c–positive PBMCs were determined by methods previously

described [12].

Statistical Methods
The sample size was chosen to satisfy the primary endpoints

of the study with the assumption that vaccine take would be

95%, with , 1% chance that the observed take rate would be

lower than 90% (power of 60%). P values were calculated using

Wilcoxon rank-sum test for age, and Fisher exact test for gender,

ethnicity, race, and safety comparisons. A logistic model was

used to investigate the effects of age, gender, and race on local

reactogenicity. The likelihood ratio was used to assess signifi-

cance. Viral shedding results were compared using the Wilcoxon

rank-sum test. The difference in antibody response rate and 95%

confidence intervals (CIs) were computed. PRNT was summa-

rized by the geometric mean titer (GMT) and its CI. CIs were

not adjusted for multiple comparisons to make the estimates

more comparable to historical data, and the Wilcoxon rank-sum

test was used to calculate P values. In addition, PRNT antibody

response against Dryvax and LC16m8 virus in a subset of vol-

unteers was measured at days 0, 7, 13, 30, and 60. For this subset,

the mean log-transformed response at each time point and its CI

was estimated for each vaccine group. These calculations were

Figure 1. Study flow diagram. CMI, cell-mediated immune; NYCBH, New York City Board of Health; PRNT, plaque reduction neutralization titer.
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performed using the 2-group t test of equivalence in means

(unequal n’s) in nQuery Advisor (version 5.0) software and

checked via simulation in S-Plus software (version 7.0). The

significance level a was .05. Comparisons for IFN-c ELISPOT and

lymphoproliferation responses were made using the Wilcoxon

test of equality and Student t test with significance level a of .05.

RESULTS

Demographics
Overall, 236 volunteers were screened and 154 were enrolled. As

shown in Table 1 the randomization process yielded a balance

of demographic characteristics. One hundred fifty-three of the

154 volunteers received their scheduled vaccination and are

included in the intent-to-treat cohort (ITT). Of those in the

ITT group, 147 (27 Dryvax, 120 LC16m8) had undetectable

preimmunization anti-Dryvax PRNT titers and completed

the day 30 visit. They comprise the per-protocol (PP) group.

Vaccine Skin Take
All 125 participants vaccinated with LC16m8 developed

a primary lesion (pustule with induration) at the vaccination

site between 6 and 12 days following vaccination. Significantly

fewer Dryvax volunteers, 24 of 28 (86%), developed a take

(P , .001). Results were similar when restricting the com-

parison to the PP group. Take rates were 100% and 85% for

the LC16m8 and Dryvax groups, respectively. The 4 Dryvax

volunteers who did not develop a take also did not sero-

convert. All 4 were vaccinated at the same study site on the

same day and were the only ones to receive Dryvax on that

day. Dryvax had been reconstituted and kept at 4�C 56 days

prior to vaccination. None of that reconstituted vaccine was

used on additional participants and none remains for character-

ization. We believe this was an issue of vaccine viral potency.

Inoculation skin lesions developed at similar times in both

vaccine groups with a median of 5 days between vaccination and

the appearance of a pustule in each group. Eighty-three percent

of Dryvax and 82% of LC16m8 volunteers exhibited pustules at

the day 7 clinic visit and by day 10 reached 96% and 88%,

respectively. The median number of days to scab separation for

Dryvax volunteers was 31 days compared with 28 days for

LC16m8 volunteers (P 5 .08). Lesions were, on average, larger

within the Dryvax group than the LC16m8 group; specifically,

the median maximal lesion size was 1.4 cm for Dryvax volun-

teers compared with 1.1 cm for LC16m8 volunteers (P 5 .04).

The median maximal extent of erythema and swelling was also

significantly greater among Dryvax volunteers (5.6 cm) than

among LC16m8 volunteers (3.5 cm; P 5 .002).

Viral Shedding and Viremia
A viral shedding cohort, chosen from only 2 sites, included

27 volunteers (4 Dryvax and 23 LC16m8 volunteers). Viral

Table 1. Baseline Demographics and Inclusion/Exclusion Cri-
teriaa

Dryvax

(n 5 29)

LC16m8

(n 5 125)

All Groups

(n 5 154) P value

Gender

Female 13 (45%) 44 (35%) 57 (37%) .39

Male 16 (55%) 81 (65%) 97 (97%)

Ethnicity

Hispanic 2 (7%) 3 (2%) 5 (3%) .24

Non-Hispanic 27 (93%) 122 (98%) 149 (97%)

Race

Native American 0 2 (2%) 2 (1%) .84

Asian 2 (7%) 7 (6%) 9 (6%)

African American 1 (3%) 2 (2%) 3 (2%)

Pacific Islander 0 1 (1%) 1 (1%)

Caucasian 26 (90%) 110 (88%) 136 (88%)

Multiracial 0 3 (2%) 3 (2%)

Age, y

Mean (SD) 22.7 (3.5) 23.4 (4.0) 23.3 (3.9) .56

Median 21.6 22.4 22.2

Range 18.8–32.6 18.1–34.0 18.1–34.0

Percentages are calculated from the number of volunteers in each vaccine

group.
a Inclusion criteria: Participants were 18–34-year-old individuals (year of

birth, 1971–1987) with no history of smallpox vaccination, and in good health as

ascertained by medical history, clinical assessment, and baseline blood

chemistries including hepatic function tests; were willing to refrain from any

blood donations until vaccination scab was gone; and had negative serology for

hepatitis B and C and human immunodeficiency virus, negative urine glucose,

and a normal ECG. Exclusion critera included active or past history of atopic

dermatitis, eczema, or immunosuppression; known cardiac disease or 3 or

more cardiac risk factors; known allergies to study materials and vaccine

components; females who were pregnant or not willing to use birth control or

were breastfeeding; frequent contact or sharing of linen with someone who

was pregnant or breastfeeding or had atopic dermatitis or eczema; Darier

disease or contact with someone with Darier disease; frequent contact with an

infant, 1 year of age; history of exuberant keloid formation; issues that would

preclude compliance with protocol or would be exacerbated by the protocol

such as psychiatric illness; recent vaccinations either before or after smallpox

vaccination (live within 30 days, killed within 2 weeks); military service prior

to 1989; receipt of blood products within 60 days prior to screening; or

participation in another experimental drug protocol.

Table 2. Percentage of Volunteers With Local Reactogenicity at
Any Clinic Visit (Intent-to-Treat Cohort)

Dryvax LC16m8

(n 5 28) (n 5 125) P value

Local reactogenicity 68% (19/28) 82% (102/125) .12

Warmth 39% (11/28) 36% (45/125) .83

Tenderness at
vaccination site

46% (13/28) 42% (52/125) .68

Limited arm motion 18% (5/28) 12% (15/125) .37

Axillary lymph
node(s) swollen

46% (13/28) 37% (46/125) .39

Axillary lymph
node(s) tender

50% (14/28) 48% (60/125) 1.00

Rash 4% (1/28) 2% (3/125) .56

Satellite lesion 0% (0/28) 2% (3/125) 1.00

Volunteer is counted once at the highest level of severity for each

reactogenicity category.
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shedding was detected on day 3 after vaccination in 2 of the

4 Dryvax volunteers but in none of the 23 LC16m8 volunteers.

By day 7, all Dryvax volunteers and 87% of LC16m8 volunteers

had detectable virus. Shedding lasted for a median of 16.5 days

among the Dryvax volunteers and 14 days within the LC16m8

group (P 5 .60). Blood samples from 52 volunteers (10 Dryvax

and 42 LC16m8), collected at day 0, prior to vaccination, and

at days 3, 7, 13, and 22 after vaccination, were assessed for

viremia by polymerase chain reaction and no viremia was

detected at any of the timepoints.

Safety Assessments
During clinic assessments, 68% of Dryvax volunteers and 82% of

LC16m8 volunteers exhibited at least 1 sign or symptom of local

reactogenicity at 1 or more visits; the difference between the

vaccine groups was not statistically significant (Table 2). At least

1 instance of systemic reactogenicity was reported by 75% of

Dryvax volunteers and 74% of LC16m8 volunteers (Table 2).

This study did record more participants who received LC16m8

with swollen axillary lymph(s) (37%) and rash (2%) than was

reported in a larger trial that included 491 Japanese vaccinia-naive

participants (16% and 1%, respectively). Possibly accounting

for the differences in the 2 trials were 10 fewer skin punctures

during vaccination, different vaccine lots, and a larger number

of observers with potentially different levels of training and

experience in that trial [7]. Among the subcategories of sys-

temic reactogenicity, there was 1 significant difference between

groups: Dryvax volunteers (6 of 28 [21%]) reported a median

of 4 days of joint pain compared with a median of 1 day among

LC16m8 volunteers (21 of 125 [17%]; P , .01). No mean-

ingful differences were noted in laboratory assessments between

the groups. There were no serious AEs related to vaccination.

One volunteer in each vaccine group developed fever (38.4–39�C)

between days 7 and 20 after vaccination. There were 3 severe

AEs in LC16m8 volunteers but none were considered due to

vaccine: vertigo 26 days after vaccination and diagnosed as

motion sickness by an allergy specialist, a tibia fracture from

a car accident (the only severe AE in the study), and tendonitis

and myalgia reported 10 months after vaccination. One Dryvax

volunteer had a generalized skin rash associated with face

swelling and eyelid edema that started 16 days after vaccination

and lasted for a total of 3 days (not biopsied, moderate se-

verity). There were 2 cases of rhabdomyolysis after vaccination

with LC16m8, both considered unrelated to vaccination, one 10

and the other 14 days after LC16m8 vaccination, assessed as

moderate and mild severity, respectively. There were no cases of

generalized vaccinia, progressive vaccinia, or eczema vaccinatum.

One participant in the Dryvax group and 12 volunteers in the

Table 3. Comparison of PRNT Titers Using Different Plaquing Viruses at Day 30 After Vaccination in a Subset of Dryvax and LC16m8
Volunteers Tested at All Laboratories

PRNT assay virus Dryvax LC16m8 Dryvax/LC16m8 ratio P value

Number of titers 23 26 .

Anti-Dryvax (Focus)

Geometric mean 919 329 2.8 ,.001

95% CI 565–1493 228–474 1.6–5.0

Anti-LC16m8 (KKT)

Geometric mean 471 733 0.6 .24

95% CI 301–739 400–1343 .3–1.4

Anti-Lister (KKT)

Geometric mean 7686 17523 0.4 .09

95% CI 3687–16026 9104–33725 .2–1.1

Anti-monkeypox (JNIID)

Geometric mean 368 112 3.3 ,.001

95% CI 225–597 82–307 1.7–6.3

Anti-NYCBH (JNIID)

Geometric mean 482 158 3.0 .01

95% CI 287–810 82–307 1.3–7.0

Anti-Lister (JNIID)

Geometric mean 298 207 1.4 .29

95% CI 176–504 129–332 .7–2.9

Per protocol cohort excludes 4 volunteers who had anti-Dryvax PRNT (Focus) titers$40 at baseline and 2 volunteers who had missing anti-Dryvax PRNT (Focus)

titer data at day 30. Plaque viruses included Dryvax (NYCBH–vaccine-derived virus), NYCBH (Japan vaccine–derived seed), Lister, LC16m8, and monkeypox. PRNT

tests were performed at 3 different laboratories: anti-Dryvax assay at Focus, Inc; anti-NYCBH at JNIID (Tokyo, Japan); anti-Lister vaccinia at both JNIID and KKT

(Kumamoto, Japan); anti-LC16m8 vaccinia at KKT; and the antimonkeypox at JNIID. These assays were performed on sera obtained on day 30 after vaccination. P

values were calculated using Wilcoxon rank-sum test.

Abbreviations: CI, confidence interval; JNIID, Japanese National Institute of Infectious Diseases; KKT, Kaketsuken; NYCBH, New York City Board of Health;

PRNT, plaque reduction neutralization titers.
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LC16m8 vaccine group reported symptoms or clinical signs

that were categorized as being of potential cardiac origin. These

events were confirmed by the site principal investigator to have

noncardiac origins (eg, reflux disease, alcohol abuse, preex-

isting pleuritic chest pain, lymph node pain) and none were

accompanied by ECG or laboratory findings suggesting myo-

cardial disease. Three participants underwent cardiac assessment

by a cardiologist based on a protocol algorithm. None had

myocarditis or pericarditis [13], but 1 participant presented

with a previously undiagnosed rare congenital QT syndrome.

Immunologic Responses
Seroconversion by Anti-Dryvax (Focus) PRNT Assay. All 125

volunteers vaccinated with LC16m8 seroconverted. For those

vaccinated with Dryvax, 24 of 28 (86%) seroconverted. At 30 days

after vaccination, Dryvax volunteers who seroconverted exhibited

a significantly higher geometric mean PRNT titer than LC16m8

volunteers who seroconverted, 919 (CI, 565–1493) vs 279 (CI,

233–333), respectively. Samples from a subset comprising 40

LC16m8 and 9 Dryvax volunteers (Figure 1) were assayed at days

0, 7, 13, 30, and 60 (Figure 2) to provide detail of the kinetics of

the antibody response in both vaccine groups. The group-specific

GMTs are shown in Figure 2 with the Dryvax group experiencing

significantly higher PRNT50 titers at days 30 and 60.

Effect of Different Vaccinia Plaque Viruses on the PRNT

Assay. The comparison among different PRNT methods was

based on day 30 samples in 24 Dryvax volunteers who had

seroconverted and 26 LC16m8 volunteers with day 30 samples

chosen in a random manner (Table 3). Dryvax volunteers ex-

hibited a significantly higher GMT than LC16m8 volunteers

when Dryvax, Japan-NYCBH, or monkeypox strains were used

as the plaque viruses.

Anti-EEV PRNT Titers. Results from the anti-EEV assay

were complicated by the requirement that a 50% reduction in

plaque count be achieved. This proved to be too restrictive

to obtain a meaningful measurement of neutralization; in par-

ticular, only 3 of 44 samples yielded titers above the detection limit

of the assay (PRNT 5 4). The results based on 30% reduction in

plaque count in the anti-Dryvax PRNT assay at day 30 were sig-

nificantly higher in the Dryvax group than in the LC16m8 group

(24 vs 4, respectively). Moreover, across this subset of 44 samples

8 of the 9 Dryvax samples exceeded the assay’s lower limit, while

only 3 of the 35 LC16m8 samples exceeded the assay’s lower limit.

Anti-Variola PRNT. At day 30 Dryvax volunteers exhibited

a significantly higher antivariola PRNT response than LC16m8

volunteers; GMTs were 274 and 75, respectively (P 5 .02,

Table 4). Although the use of crystal violet staining method-

ology limited the quantitative capabilities of the assay, the ratio

of Dryvax GMT to LC16m8 was 3.7 (95% CI, 1.3–10.2). This

was similar to the ratios of 2.8, 3.0, and 3.3 observed in the

anti-Dryvax, anti-Japan-NYCBH and antimonkeypox PRNT

assays, respectively.

Cellular Immune Responses
Gamma Interferon Production. In 47 participants tested, all

9 volunteers in the Dryvax group exhibited a positive IFN-c
response at postvaccination days 13, 30, and 180 (Figure 3).

Similarly, all 38 LC16m8 volunteers exhibited a positive response

at day 13 and all but 1 at day 30. The proportion of positive

responders within the LC16m8 group fell off slightly to 33 of 37 at

day 180. At each time point, the number of IFN-c–producing cells

was approximately 2-fold higher in the Dryvax group than in the

LC16m8 group. These differences were not significantly different.

Lymphocyte Proliferation. Similarly, 47 participants were

tested for lymphoproliferation. At day 13 a response was found

in 95% of the LC16m8 group to Dryvax-derived vaccinia virus

compared with 67% in the Dryvax group (P 5 .04). At days 30

Figure 2. Anti-Dryvax (Focus) plaque reduction neutralization titer (PRNT)
response by day and vaccine. The first 50 volunteers were enrolled
(41 LC16m8 and 9 Dryvax vacinees); a subset of 4 Dryvax nonseroconverters
was not included. P values at timepoints are noted to reflect level of
significance for differences between groups. Abbreviations: CI, confi-
dence interval; GMT, geometric mean titer.

Table 4. Anti–Variola Virus PRNT Titers

Dryvax LC16m8 Dryvax/LC16m8

ratio(n 5 9) (n 5 11) P value

Day 0

GMT 20 20 1.0 1.00

95% CI . . .

Day 30

GMT 274 75 3.7 .02

95% CI 110–684 38–147 1.3–10.2

The subset was chosen from the first 50 volunteers vaccinated and was

intended to have roughly equal numbers of Dryvax and LC16m8 volunteers. In

order to have comparable numbers of Dryvax and LC16m8 vaccinees, all 9

Dryvax volunteers among the first 50 vaccinees were included and a randomly

selected subset of 11 LC16m8 volunteers was chosen. Titers of the variola

strain (Solaimen) were determined by plaque assay. Vaccinia-immune globulin

was used as the positive control; serial dilutions of serum plus virus were

incubated over BSC40 cell monolayers (African green monkey kidney cells,

American Type Culture Collection) and allowed to develop plaques over

72 hours. Plaques were counted following crystal violet staining of cell

monolayers. P value is calculated using t test on log-transformed data.

Abbreviations: CI, confidence interval; GMT, geometric mean titer.
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and 180 these results were not significantly different. Specifically,

95% of LC16m8 volunteers had a positive response at day 30

compared with 78% of Dryvax volunteers; the percentages were

100% and 89%, respectively, at day 180. LC16m8 volunteers also

exhibited higher SI response at each of the postvaccination time

points (Figure 3).

DISCUSSION

Next-generation smallpox vaccines like LC16m8, which have

never been tested in the setting of natural variola, rely on sur-

rogate markers for evaluation of effectiveness [14]. The LC16m8

virus has a 1-base deletion within the B5R gene that results in

a premature stop codon that truncates this protein and encodes

for only 29% of the residue protein. B5R is a vaccinia gene

product with a highly related homologue in variola virus. Deletion

of the B5R results in decreased production of EEV [15], a target

for EEV neutralizing antibodies [16, 17]. Loss of B5R would

predict attenuation of the virus. However, the success of vaccinia-

based smallpox vaccines in protecting humans against variola

major lies in the ability of the vaccinia to induce strong neutral-

izing antibody responses across multiple viral proteins with

immunological homology to variola proteins, resulting in

a ‘‘safety net’’ of highly redundant neutralizing antibody responses

[18, 19].

This phase I/II trial assessed the safety and immunogenicity of

LC16m8 compared with Dryvax in vaccinia-naive adult volun-

teers. There were no vaccine-related serious AEs or AEs graded

greater than mild associated with either vaccine; other AEs (local

or systemic) were generally equivalent in both groups. LC16m8

vaccine lesions were significantly smaller with less swelling or

erythema than Dryvax lesions. In comparison to recently pub-

lished data from a larger study in which 1529 nonnaive and 1692

vaccinia-naive volunteers received LC16m8, the extent of AEs,

both systemic and local, were quite similar. Cardiac toxicity was

not apparent in our study. US military and historical studies

suggest a cardiac toxicity rate of between 0.1% and 0.3% of vac-

cine recipients [1, 20, 21].

LC16m8 was immunogenic, although with lower humoral

and cellular immunity kinetic responses than with Dryvax. The

virus strain used in the PRNT assays had a significant impact

on the results. In PRNT assays conducted using variola or

monkeypox, Dryvax produced higher titers compared with

LC16m8. Our data suggest that deletion of individual proteins,

particularly B5R, results in different patterns of humoral im-

munity and that proteins targeted by the immune system may be

different depending on the strain of vaccinia used. Our data

suggest that vaccine prototypes that alter EEV production will

have some attenuation of antivariola neutralization.

While the GMTs achieved by LC16m8 in the Dryvax-based

PRNT assay were less than that of Dryvax at all measured time

points, the kinetic profile was similar, suggesting that single-

dose vaccination with LC16m8 will afford immunity in a

manner paralleling that of the less attenuated vaccines. More

important than absolute antibody titer is the specificity of

antibody required for protection. Although the absolute immu-

nological correlates of protection have yet to be defined, con-

sensus has been that neutralizing antibody titers .1:40 against

vaccinia are protective [22, 23]. In addition, the antivariola titers

achieved with LC16m8, although semiquantitative due to vari-

ability in control samples, elicited neutralizing antibody titers that

are associated with protection. However, duration of effective

titer response after vaccination needs to be evaluated.

CMI was assessed in a subset of 47 participants. At day 13,

95% of LC16m8 and 67% of Dryvax vaccinees had lymphocyte

proliferative responses, increasing to 97% and 89%, respectively,

by day 180 (P 5 .04 and .34, respectively). All vaccinees pro-

duced IFN-c peak response by day 13, although 1 LC16m8-

vaccinated individual lost detectable IFN-c response at day 30.

Memory responses following vaccination with LC16m8 appear

to be durable, even at 180 days. It is interesting to note the lower

IFN-c ELISPOT responses given the B5R deletion in LC16m8.

The IFN-c response difference may reflect contribution of

epitopes from B5R in the overall antivaccinial T-cell repertoire

Figure 3. Comparison of interferon (IFN)–c enzyme-linked immunosorbent
spot and lymphoproliferation assay responses following vaccination with
Dryvax versus LC16m8. A, Geometric mean number of IFN-c–producing cells
by vaccine and time from vaccination. B, Lymphocyte proliferation: geometric
mean stimulation index by vaccine and time from vaccination. Abbreviations:
CI, confidence interval; GM, geometric mean; IFN, interferon; PBMC,
peripheral blood mononuclear cell.
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after vaccination. Previous publications have shown this protein

to be a source of dominant T-cell epitopes although whether

these are essential for protective immunity is unclear [24, 25]. In

addition, robust T-cell responses could be contributors to AEs,

particularly myocarditis as shown with other viruses but not to

date with vaccinia [26, 27, 28].

Our findings suggest that LC16m8 is well tolerated with

similar reactogenicity compared with Dryvax. LC16m8, despite

its deletion in B5R, elicited potent immune responses after single

inoculation capable of neutralizing variola virus. Overall, the

study demonstrated comparable safety between LC16m8 and

Dryvax and immune responses that would support further de-

velopment of LC16m8.
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